Abstract. The objective of this investigation was to compare how two modes of positive pressure ventilation affect cardiac output, airway pressures, oxygenation, and carbon dioxide removal in children with congenital heart disease in the immediate postoperative period. The investigation used a one group pretest-post-test study design and was performed in the pediatric cardiac intensive care unit in a university-affiliated children's hospital. Nine infants were enrolled immediately after repair of tetralogy of Fallot (2) or atrioventricular septal defects (7) with mean weight ‫ס‬ 5.5 kg (4.2-7.3 kg). Children were admitted to the pediatric cardiothoracic intensive care unit after complete surgical repair of their cardiac defect and stabilized on a Siemen's Servo 300 ventilator in volume control mode (VCV1) (volume-targeted ventilation with a square flow wave pattern). Tidal volume was set at 15 cc/kg (total). Hemodynamic parameters, airway pressures and ventilator settings, and an arterial blood gas were measured. Patients were then changed to pressure-regulated volume control mode (PRVC) (volume-targeted ventilation with decelerating flow wave pattern) with the tidal volume set as before. Measurements were repeated after 30 minutes. Patients were then returned to volume control mode (VCV2) and final measurements made after 30 minutes. The measurements and results are as follows:
Mechanical ventilation is essential in the perioperative period for the successful treatment of infants undergoing congenital cardiac surgery [4, 5, 7] . Mechanical ventilation supports the patient's respiratory function during much of the operative period, recovery from anesthesia, hemodynamic stabilization in the cardiac intensive care unit, and weaning to successful extubation [5, 7, 8] . Positive pressure ventilation has both positive and negative hemodynamic consequences [7, 8, 15] . High intrathoracic pressure decreases venous return to the heart while at the same time decreasing afterload to the left ventricle. These combined cardiopulmonary interactions have complex effects on cardiac output. Recent ventilator technology [5, 8, 10, 11, 17] 
Materials and Methods

Patients
The patient population consisted of nine consecutive infants with tetralogy of Fallot (2) or atrioventricular septal defects (7) who underwent complete surgical repair at C.S. Mott Children's Hospital at the University of Michigan. These two diagnostic groups were chosen due to the relative homogeneity of patients within the group and need for mechanical ventilation beyond the operative period (12-24 hours). The patients' mean age was 5.7 months (3-13 months) and weight was 5.5 kg (4.2-7.3 kg). Patients were intubated by pediatric cardiac anesthesiologists prior to operation. At the conclusion of the operative procedure, a thermodilution catheter (Baxter Healthcare Corp., Deerfield, IL, USA) was placed directly into the pulmonary artery for measurement of pulmonary artery pressure and cardiac output. Patients were paralyzed and stabilized (approximately 1 hour) in the pediatric cardiac intensive care unit prior to initiation of the study. Stabilized patients did not require manipulation of inotropic agents or volume infusion and did not have any significant fluctuations in heart rate, arterial blood pressure, or oxygen saturation. This protocol was approved by the Institutional Review Board and informed consent was obtained. This protocol complies with principles established in Helsinki.
Mechanical Ventilation
All patients returned from the operating room and were placed in VC mode (time triggered, volume targeted, time cycled, with constant flow) (Siemens Servo 300). There was no significant leak present around the endotracheal tube (inspiratory and expiratory tidal volumes were nearly identical). Expiratory tidal volume was set at approximately 15 cc/kg total. Positive end expiratory pressure was held constant at 2 or 3 cm H 2 O. The inspiratory time was set at 0.50-0.70 seconds. Respiratory rate was set at 16-40 breaths/minute and FIO 2 at 0.4-1 in order to obtain a P a CO 2 of 25-45 mmHg and oxygen saturation > 95%. This variability in FIO 2 and respiratory rate was due to some infants requiring hyperventilation and hyperoxygenation due to postoperative pulmonary artery hypertension. The peak inspiratory pressure and mean airway pressure were measured near the expiratory port on the ventilator using the manufacturer's manometer. All ventilators were calibrated prior to study using the manufacturer's suggested guidelines. pH, P a CO 2 , and P a O 2 were measured from an arterial blood gas and bicarbonate, base excess, and oxygen saturation calculated (Radiometer, Cleveland, OH, USA).
Hemodynamic Measurements
All pulmonary artery catheter measurements were made in triplicate using iced (0°C) saline at end expiration.
Study Protocol
After stabilization in VC mode, hemodynamic parameters, airway pressures and ventilator settings, and an arterial blood gas were obtained. Patients were then changed to PRVC mode. The total tidal volume, positive end expiratory pressure, inspiratory time, and respiratory rate were set as before. After 30 minutes, measurements were repeated. Finally, patients were changed back to VC ventilation with the original ventilator settings, and 30 minutes later measurements were repeated.
Statistical Analyses
Statistical comparisons between the different modes of ventilation were made using the analysis of variance procedure with post hoc pairwise comparisons (Tukey) using commercially available PC software (SYSTAT Inc., Evanston, IL, USA). Significant results were reported if p < 0.05. All values are reported as mean ± standard deviation.
Results
The hemodynamic data, airway and ventilator parameters, and arterial blood gas results are summarized in Table 1 . There were no changes in any hemodynamic or blood gas parameters when comparing the two modes of ventilation. All airway pressures remained unchanged except for the peak inspiratory pressure, which decreased by 19% in PRVC mode when compared to either trial of VC ventilation. No patients required a change in inotropic agents or volume infusion during the study period.
Discussion
Mechanical ventilation is essential for the care of infants and children undergoing cardiac surgery [4, 7] . Ventilator technology has improved dramatically in recent years, particularly for mechanically ventilated infants and children [5, 8, 11, 17] . Current technology allows for the synchronized delivery of small tidal breaths at rapid rates with improved monitoring and safety. Different modes of ventilation have also been developed which vary the triggering, limiting, and cycling of the ventilator. Demand valves now exist that flow trigger with response times as low as 10 msec [6, 10] and these have allowed synchronized ventilation to occur in infants and children with greatly reduced work of breathing [5] . Pressure-limited ventilation was the mainstay in pediatric critical care in the past due to the inability of ventilators to deliver small tidal volumes consistently. Pressure-limited ventilation is particularly problematic in critically ill children with congenital cardiac disease due to the inability to deliver a constant minute ventilation in patients undergoing rapid changes in lung compliance [4] . This limitation has been overcome by the newer generation ventilators. Volume-targeted modes of ventilation now exist which vary in their flow characteristics.
On the Servo 300 ventilator, VC ventilation is patient or time triggered, volume targeted, time cycled, with constant flow pattern. In contrast, PRVC is patient or time triggered, volume targeted, time cycled, with decelerating flow pattern. We believe that this study is the first to compare these two modes of volume-targeted ventilation in infants and children with minimal lung dysfunction immediately after cardiac surgery. Several reports in the adult literature compare the different flow patterns (i.e., decelerating vs constant) in either volume-or pressure-targeted mode [1-3, 12, 13, 16] . In these studies, hemodynamics, respiratory mechanics, and arterial blood gas results were obtained in patients with severe lung injury. The studies differed in design and results but can be summarized as follows. Davis et al. [3] compared a volume-targeted mode with decelerating flow to a pressure-targeted mode with decelerating flow and a volume-targeted mode with constant flow. There were no differences in results when comparing either decelerating flow mode of ventilation to each other. There was a significant decrease in mean airway pressure and P a O 2 and an increase in peak inspiratory pressure in the constant flow mode. No hemodynamic changes occurred in any mode of ventilation. Munoz et al. [13] found no differences in respiratory mechanics when comparing a volume-targeted to a pressure-targeted mode of ventilation, both with decelerating flow. Al-Saady and Bennett [2] compared a constant to decelerating flow pattern in a volume-targeted mode of ventilation. They found that when using decelerating flow, there was a decrease in peak inspiratory pressure, total respiratory resistance, work of inspiration, ratio of dead space to tidal volume, and alveolar-arterial gradient for oxygen. There was an increase in total static and dynamic compliances and P a O 2 . There were no hemodynamic changes. Rappaport et al. [16] found that patients ventilated in a pressure-targeted mode of ventilation with decelerating flow had a decrease in peak inspiratory pressure and length of intubation and an increase in static compliance when compared to a volumetargeted mode with constant flow. In an animal model of acute respiratory distress syndrome, Markstrom et al. [12] found a decreased peak inspiratory pressure and an increased mean airway pressure and CO 2 removal in piglets ventilated in PRVC mode rather than VC mode. There were no differences in end inspiratory occlusion pressure, end inspiratory lung volume, static compliance, hemodynamics, or oxygen delivery.
Similar to other studies [2, 3, 16] , we found a 19% decrease in peak inspiratory pressure, but unlike the previous studies we did not find any changes in mean airway pressure, P a O 2 , alveor-arterial oxygen gradient, or CO 2 removal. Airway resistance, static compliance, work of inspiration, and dead space were not measured in this study. Also, this was an acute study, so a decrease in duration of intubation could not be assessed. The differences found in this study can be explained by differences in patients sampled in each study. This study examined infants in the immediate postoperative period. Unlike other studies, these patients did not have severe lung disease, although lung injury does occur following cardiopulmonary bypass [4, 7] . The mean airway pressure measured in this study was relatively low and did not differ in the two modes of ventilation. Oxygenation and alveolar-arterial oxygen gradient were not different in either mode of ventilation. As in previous studies, no hemodynamic differences were noted when comparing PRVC to VC modes of ventilation.
When infants and children return from the operating room following cardiac surgery, we choose to mechanically ventilate these patients in PRVC mode. This allows us to deliver a relatively constant minute ventilation to the patients with the lowest peak inspiratory pressure. It is postulated that lowering the peak inspiratory pressure minimizes lung injury that occurs with positive pressure ventilation [9, 14] . Although not addressed in this study, we hope that ventilating infants and children with decelerating flows will shorten their duration of intubation, as noted by Abraham and Yoshihara [1] . These benefits of PRVC ventilation lead us to recommend this mode of ventilation in all infants and children who require full mechanical ventilatory support in the immediate postoperative period. Once children are stabilized and the decision to begin weaning toward removal from mechanical ventilation has been made, alternative modes of ventilation should then be employed.
Several limitations of this study need to be mentioned. This study examined a small number of patients and therefore did not have a large degree of power to expose small differences in the variables measured. Our inability to detect differences in oxygenation may represent a Type II error. Due to the small number of patients, we were unable to identify any differences in results between subgroups of children with different ages, diagnoses, or clinical presentations (i.e., pulmonary hypertension). Finally, we did not measure plateau pressures or intrinsic PEEP (positive end expiratory pressure) in this study. Other authors [12] discussed the limitations of measuring peak inspiratory pressure rather than plateau pressure. Our experience with similar patients has revealed that no appreciable intrinsic PEEP can be measured.
Conclusions
In summary, infants undergoing cardiac surgery can be mechanically ventilated using a volume-targeted mode of ventilation with decelerating flow wave pattern (PRVC) which results in a 19% decrease in peak inspiratory pressure without affecting hemodynamics, arterial oxygenation, or carbon dioxide removal.
